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TORSI ON TEST OF A MONOCO~UE BOX 
By Samuel Levy , Albe~t E. McP h erson, and 
Walter Ramberg 
A mOnO co au e box o f a l um inum allo y as su bjected to 
torques ap-p lie d at t h e en ds . The t wi st ; t hE' strain in 
the stringE'rs , platE' , and corner posts ; . ~md thE' buckling 
lo ad were measured . The twist ~as fo und to be 20 to 50 
per ce nt les~ t han t ha t g iven by Eredt IS t heory for the 
torsion of a thin - walled bo x 1 it hou t reinf orcem ent and 
the shear strpss in t he shear web , abou t 1 8 pe rce nt 
g r eater . 
In or d er to obt a in closer agreemen t between t h e oret -
ic a l an d exp e r i ment al re sults , an ana ly s is was developed 
for the tw i sting of a mo~o co q ue box r e infor ced by string~ 
ers, corner ' po~ts , and bulkh eads . The measured twist 
a g r e e d 1,/ i t h i n l Op e r c en t , i t h t h i s a n a 1 y s i s . The mea ~ u red 
and theoretical v a lues for the strain s and buc k lin g lo ad 
agreed within t he error of observation . 
I NTRODUCTION 
As a pa rt of an i nvesti g ation f or t h e NA CA on mono -
c oque boxes , there was described in r ef ere n ce 1 res u lts 
of co mp r e s8ion tests . To r sion tee s of the same specimen 
are r epo rt ed in t h is p ape r . The torsion t ests are de-
si gn ed to g iv e i n format i on on t he followin g p oin ts : 
1. The ag r E'empn t bptween th~ mpR~urpd twist in a 
r ein forc ed b ox and th E' thpo r 8t ic a l t ist for 
a s i mn lifie d box without reinforcements giv en 
by ~:3 re d t (refer en oe 2 , p . 270) 
2 . Th e eff ect of b u c k li ng on the torsional stif f -
ness 
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3 . Th e magnitude . o·f t he s~e'ar in stres'3e~ and of 
the i n duced stresses due to bending 
4 . Th e vapi a tion in twist of t he box it h distance 
from the ends 
5. The ~ff~ct ;f .the lon g itudin a l s a nd bulkheads 
on the stif fne ss of t he box 
SPECINEH 
The d im en sion s of the mo noc oQue - box spe ci men a re 
g i ven i n fi g ur e i. The box was fabric a ted from 24 S~T 
a l um inum alloy;. O . 075-inch sheet was us ~ d for th e she a r-
web sides, a nd O. OaS - i n c h s h ee~ r ein f6r ced b y Z-s t ringers , 
spaced 4 inches on c ente r s , was used fo r the top a nd the 
bottom sides of t he box . Th e stringers we r e fast e ned to 
the sheet by liS - inc h b ra zier - he ad riv ets , s p a ce d 7 /8 ~n ch 
on ce nte rs . Th er e were four i nter me d iate b u l kh e ads a nd 
an tiroll me mbe rs, space ~ at 1 9 in ~h ps . 
Pa r~icu l a r cire Wa ~ taken i n r ei~for ci n g ·the ends of 
the box to avoid concentration of the s t res ses o n pa rtic-
ular portions o f the bo ~ . The r~i nfo rce mpnts , co ns isting 
of ste e l ang les and p la tes , ~re sh own .in· fi gures I , 2 , an d 
3 . Fi gu r e 3 a l so sh ows .the co n st~u c t ion of t h e bu l kheads . 
Tensile and compres s iv e str ess -str a i n curv es of mat e-
ri a l fr om th e corner p osts, th e stringers, an d the sheet 
used i n as semblin g the monOCOaue box are g iven in r efe r-
ence 1 . Yo u n g 1 s modulus a nd the y ield strength , obt a i ned 
from the stress-~train curve s by ~he O.C02 - offs et met h od, 
a re list ed i n t ab le I . 
TEST PROCEDURE 
Fi gure 4 s h o~s t h e mon oco aue - b ox specimen A mounte d 
for a tor s io.n .t est in .a l a r g e l a t he ., The following p ro -
cedur e was used i n mountin.g .th e .spe.ci men . First th e 
specimen was ce n tered in ' the l athe . Th e n ' one s teel end 
p lat e was ri g idly clamped on t h e f~ce p l ate B. of th e 
lat h e while th e ' ot h er was sup p or ted on t h e dead cente r in 
t h e tailst o c k by a ball be a r ing . This ball bearing was 
a si n g le-ro w type that pe r mitt ed slight roc k i ng of the 
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inner race, A sle~ve WaR pressed on the dead center and 
ground to fit the in~er r a ce hole with a cl earan c e of 
0 . 005 inch in order to permi t longitud in a l mot ion. 
Torque was app li ed to the s pe ci men by the jack C 
acting on the lever D. The torque thus applied was re-
sisted by a stop placed between a face - plate jaw and the 
lathe bed. The force exerted by the jack was measured 
with a weighing scale E of 2000-pound capacity. The 
3 
force from the jack was balanced by the reaction of the 
ball bearing on the dead center of th e l athe . Except for 
a negligibly small frictional torque, the .spe ci men was 
therefore Rubje cted to a pure torque equa l to the ~roduct 
of the force applied by the jack and the dist~nrie between 
the point of applica ion of this force and the center line 
of the lathe . A steel ball F was used to posit ion accu-
rately the p oint of ap~lication of the force exerted by 
the jack. 
The ~wist in the speci men waS measu r ed by g8ges, One 
of whic~ is ident ified as G in f ~e lre 4:· A close-up of 
one of . these gages is shown i n fi u ure 5 . The twist was 
mea~ured as the change in ang le between two ref l e ctin g 
surfaces H attached to b a rs I by adjustable jo in ts L. 
The bars I were cl am p ed to the specimen at t h eir c enters 
by li gh t clamps J. The area of co ntact ~ith the specimen 
was a small rin g 1/2 inc h in diameter . This ring allowed 
attachment of a bar to the specimen ) ver a rivet head. 
The pair of reflectin g .surfR8e Q H consi sted of a aO - mil-
limeter 45 0 p~lsm ' and a piece of plate g la ps selected for 
flatn~ss. The plate . g la~ s ~a s .treated . to ' eliminate the 
back-surface image . The twist was . me~Ru re d by readin g 
the changes i n a~gle p~t~een the two reflecting surfaces 
H with the Tuckerman'autocollimator K. The least count 
of the autocol li mato r as used waR 0.00001 radian. 
The st~ains in the spe ci men were measured with 
Tuckerman optical strain ga ~ es used alone or ~ith suitable 
adapters. The strains in the four corner posts w~rp meas-
ured over la-inch gage l e ngths rith 2- inc h strain gages 
having 8- i nch extensions. Other str ains on the outstand-
~ng portions of the box we re measured by 2-inch strain 
gages mounted directly on the box, while the strains on 
the less accessible po rt ions were measu r ed by a special 
transfe.r of the lever type described in detail in refer-
ence 1. The strain on three gage lines 120 0 apart was 
measured by three I-inc h strain gage~ mounted on a rosette 
adapter. 
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The buc k ling of t he sheet ' w~s ob served vi suall y b y 
su it ab l e il lum ination; Errort due to fluctuati on of r oom 
te mp erature 'ere min' fmized b y cO'nducting most of the' ex~ 
periments 'at night. 'Thig p rocedu re 'was found , t.o b~ nec-
es sa r y in order to measure the sm~l l ~~r~ins in the 
stri nge rs and corner p osts mor e a ccur ate l y . 
RESULTS 
The me asu r ed twists between bu l kheads a r e plotted in 
figure 6. The twist was measu r ed between a l l b u lkheads 
by gages On the d i ag onall y op~ osit e 10 er eas t corner 
p ost ahd 'upper west c or ner p ost. The twist was a l s o 
measu red on the to p cen ter stringe r between bulkhe a d s 1 
and 2. Fi gu r e 6 shows that the twist betqeen a pair of 
bu l khea~s was ~ r a ctica l l y independent of the loc ation of 
t he twist gage s; t h is result i nd ic a tes that the box 
twisted as a whole without app r ec i ab l e d istorti on of t he 
C~Os s sBetion. Figur e 6 also shows t hat thp tw i st was 
symmetrical with r espe c t to a tr ans verse pl a ne t h rou gh 
the center cross se cti on of the box . It is ~n t e resti ng 
to n ote ~ha~ the mea sure d twist between bul kheads 1 and 2 
and ,~ etw ~e n bulkh ead s 3 and 4 was consistently h i gh er , 
than , t ~e ~easu r ed t wist at th e c enter of the bo x between 
bU'l khe£'.ds 2 and 3 .' 
Th e twisti~ g of the box was not uniform a lo n g it s 
length . Fi gure 7 sh ows the v a ri at i on of t wi st wi th posi -
, tion a lo ng the box. Th e twist was mpasu red over a 1 9 -
inch- gag e le ng t h except at the ends of the box where the 
gag e ' le ngth Was 'necessaril y , shorter. Fi gu r e 7 indic a t es 
t hat ' the t w i s t i n g w 8 S f a i r 1 L' un i f or III bet wee nth e t h r e e 
cen~er bulkheads of the bo , dr opn ed off to a lowe r va lue 
in t he unreinforced portion s of thp e nd bays , 'and in-
cr eased co ns ider ably aga in between t he ends of the bo x and 
p oints near the en d s. The in cr ea~e in twist ;at the ends 
of ' the box is somewhat s u r p risi ng; the bbx i s apparently 
1 e s sst iff i n' tor s i on at the rei n f or c e den d S ' , t han at th e 
c ent er. Thts c ondition in d icate s that t he ~~einforce ment , 
substantial t h ough it see ms ' (fi g . 3) , was unable, to tr' an' ~ ­
fer t-he' tor qu e ' un i for m 1 y fro ill .: the e rt d :p 1 a te s ' t o t h e she e t 
as well as ' to the long i tudinal striftgers and corner p osts. 
The max i ,rou shearing st res seS, a,t fOU~ : P bints ' in the 
ce nter b ay a r e gi ven in 'fi gur e 8 . .- ' They were com puted 
fro m the measu r ed ·strains 'on ,' t h re e ,gag e l-in es interse c t -
ing at angles of 120 0 u si ng ,E . = lO . ~ ,x Y06 ' p ounds per 
-- --- --~----------~----~--~~----~----------------------~~ 
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square inc h and Poi s son 1s r at io = 0 , 32 . In no Case did 
the dire ction of the max i mum sheari ng stress c omuuted 
from the measu r ed strains differ from t h e perpendi cular 
(or p a rallp l ) to t he axis of the bo y by more than 10. It 
is Evident from fi g ure 8 that the shear in g s t re ss in the 
shear we b was nearly inde p endent of t h e p o s itio n bet ween 
bulkheads. I t is of i nte r est to obs er ve t hat the r ~ tio 
of the sheari ng stress i n th e shear we b to the shearing 
stress measu re d in the corner p ost , app ro x i mate ly 4 . 5 , 
i s very nearl y e qual to t he inverse r at io of the thic k -
nesses, 
0 . 25 + 0 . 07 5 = 4 . 3 
0 ,075 
The longitudinal st r ains indu c e d in port i ons of the 
box by th e twistin g a r e g iven i n fi gures 9 to 11. Fi gure 
9 shows the strai n s i n the corner p ost s and i n t h re e 
st r ingers midway between bulkheads 3 and 4~ fi gure 1 0 
s h ows the strains in the corn e r posts and i n three strin8-
ers about 1 inch north of bul kh ead 2 , an d fi ~ur e 11 shows 
the vari a tion o f strai n along one of the str ing e r s and 
alon g an anti roll member . It is evident fr om these fi g -
ures that the induced lo ng itud i na l strains rere very small, 
the l a rgest amount bei ng les s than 0 . 00004 corre spond i n g 
to a stress of onl y 425 p ounds pe r square i n c h ; this value 
was about one -si xth the max i mum s he a r stress in the shea r 
web (fig. 8) . 
Buckl i n g wa s observ ed in the top and botto m cover 
p l ates of the bo x near the ce n ter se ction at a torque of 
40,800 i n c h - pounds . The c hange i n load distribution due 
to the bucklin g was insu f ficient t o show i n the strain 
measuremen ts; the on l y ob se rv ed effe ct was a s li ght in-
cr ease in t ~ist p er un i t twistin g moment (fi g . 6) . 
8YMB 0 18 
The symbo l s used in t h e a nalysis a r e g iv en i n fi ure 
12 and are d efine d as follovs : 
F shearin g force ap p l ied to ends of sid e of box 
M bending moment a pp lied to e nds of side of b ox 
P 1 she a rin g forces app lied by bulkheads 1 and 4 
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P z s h earing forces ap p lied by bulkhp a ds 2 and 3 
T t .oroue a.pp lied 'to ~n d s of box 
Sl s hea rin g for ce per inch alon g corher of box betw e en 
end of . box and bulkhe a d 1 and between bulkhead 4 
a nd other ·end of box 
S 2 s h e a r i n e for c e . p er i nc ha lo n g cor n e r 0 f b.o)r 'b e t wee n 
bulkheads 1 and 2 and betfe~n bu l k heads 3 and 4 
S3 shearing f or ce p~ r i nc h ilon ~ corner of box between 
b u lkhe a ds 2 an d 3 
E Young ' s modulus of elasti ci ty 
G s h ear mo~u l us of e l asticity 
A area'of a side of box including r einforcem e nts 
k ~hear co nst a nt for s i de of bo x 
I mo ment of inertia, i ncl u din g lon g itudin n l reinforce-
men t by s t r i n g e r san d cot n e r p O's t s , " 0 fa ' sid e 0 f 
t h e box about an " a ,"is t h rou g h ' c enter ' line and 
normal to : pla'ne :' of side ' 
5 wall thic k nes 
C == 
2a \ idt h of side 
len g t h of box 
x dist a n c e from l ef e nd of box 
y trans e r se diiplacement of s i de i n its p l a ne 
6 t ist p er unit l en g t h of box 
Subs c ript 
t one ' pai r o f sides 
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h other pair of sides 
b bending deformations 
s shearing deformations 
ANALY SIS 
B r edt t s Theory 
Bredt, in 1896, developed a theory for t orsion in 
thin tubes hi c h is quoted by Timos h enko on page 270, of 
referpnce 2 . This theor y makes use of the memb r ane anal-
ogy to c al c u l ate the to r que re~isted by the tube. It 
assumes that the ends of the b ox are f r ee to warp and 
does not take acicount of bending stresses or of reinforce~ 
ments such as bulkheads . On the ba~is of Bredt's theory 
the twist p er unit length in t he box would be uniform and 
g iven by 
where A is the area enclosed by the sides of the box 
and .l is the inte g ral a r ound the box of the reci p -
rocal of the wall thickness . For this box (fi g . 1) 
8 2 . 3 X 10- 9 T 
Comparison of this formula with t he observed twists given 
in figure 6 indi c ates t hat the box was t viste d 20 to 50 
percent les s than would be indi c ated by the formula. 
The shearing stress 
ing to Bredt's theory , 
T in the shear web is, accord-
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T = T = O,0278T 
Th is value is about 1 8 percent less thaD the mea~urpd 
v alues p lo tted in figure 8 , 
I t i s appa r ent that Bte,dt ' :s t.heor y is inad equate in 
des c r i bing the torsion of the monocoque box , A more ac -
curate description INa!" o,b:tairi'ed 'by t h e analysis g i v e n i n 
the followin g section . 
Torsion of Monocoaue Box with Bulkheads 
and Corne r Posts ' 
~n anal ysis of th~ torsion in a mono c oque box with 
bulkheads, ~nd eD r~er , posts wa s d e r~ved b y tr eat ing the 
box as an assembly . of ~our beams with lue webs hic~ a r e 
joined at the ed ge s and to which transverse forces ~ r e 
ap p l i e d at the bulkheads . 
This ana l ysis diffej~ from 's imil a r analyses of box 
beams in torsion by Reis~ner ( ' r ~f~ren~e 3) , Ebner ( r efe r-
ence 4) , Williams ( r eferences 5 and 6) , and Payne ( refer -
e ce 7) in takin g a c count of the effe c t of the individua l 
bulkheads ' insteaa ' ~ 'f as iuming the se c ti 'on ~f the box beam 
to remain rpctangular at al l points, as would bp done f o r 
an infin i te number of bulkheads. Consideration of the 
individual bulkhea4s sepmed advisable in the present case 
of bulkhead spacln~s w~i c ~ are ~~~~a rable with the t r ans -
verse dimensions of the box, in order to c ompute th e 
forces acting on the bulkheads . 
It follows fyom the eQ u ilibrium ' of - forces a nd moment~ 
a c ting on a p o r tion of the side between adjac ent bu l kheads 
( fig , 1 2) that the l on g itudin a l shear s per unit l ength 
at the extreme fiber must b~ 6 on~t A nt : At the se c t i on x 
= c onstant, whe r e 4 L/5 < x < L , according to the simp le 
b eam the 0 r y : 
1'-1 + F (L 
By integration : 
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dYb EI = 
dx 
- Hx + ( F - 2a 81 ) (LX _ ~2 ) + constant 
The inte g ration constant may be determined by assuming 
ri g id clamping of the side~ at the end of the box: 
x 
t he refore 
1 , dYb = 0 dx 
9 
,. 
EI dYb = l'-1 (L _ x) - (1/2) (F - 2a'1)(L - x)2 (3) 
dx 
According to the simple beam theory this slope produces 
a longitudinal displacement a(dYb/dx) tow a rd the ends 
of the box at one extreme fiber and an e aual displacement 
away from the end of the bo x at the opposite extreme 
fiber . The c ondit i on of _continuit y of the box r eQuires 
these disp l a cements to be e~ua l at adjoinin g ext rpme 
fibers: 
If equation (3) is substituted in both sides of equation 
(4), . 
~ [~t (L - x) - (1 /2 ) (F t - 2at s 1 ) (L - x):3] I t 
a h [ l'4h ( 1 - x) - (1/2) (Fh - 2ahs1)(t - x)2](5) = 1h 
In order for eQuation (5) to be true for all values of x, 
the coefficient~ of (L - x) and (t - X)2 must eaual 
z e r o. 
o = ( 6 ) 
10 
Between 
NACA Technical Note No . 872 
x = 
31 
5 
and 41 x = 
5 
2as 1 t 
---- - M 
5 
(8 ) 
Integrating gives 
At 
dx = (-
8as2t 
5 
2as 1 1 4P t 
5 + -t- - M + Ft) x 
+ (as 8 - ~ - P; ) x2 + c onstan t (9 ) 
4 t 
x = - the sl ope g iven by equatioI'.f' (3) and ( 9 ) is 
.. 5 
the sa~e . This value determines the const a nt i n equati~n 
( 9 ). Substitutin g for the co nstant i n e oua t ion (9) i ts · 
value g ives 
EI dYb = (as 2 _ ~_ ~)x2 + (Ft + 4P1 t _ M _ 2as~...:. 8as 2 t)x dx 2 2 5 5 5 
F t.2 
- ---
8t' 12 9 t 2 16a t 2 
·1 + M.t + as 1 ' + . S 2 . 
2 25 25 . 25 
Substitutin g e qua tion (10) in e quat ion (4) and equating 
the co efficient of x 2 to zero g ives 
11 
s z = ra t (F t '+ P 1 t) + 
_ It 
Eauating t h e coefficient of x a nd the c onstant term to 
zero le ads aga in t o e quat ions ( 6 ) a nd (7) . 
S imil a rl y , betwe.en x :=: 2l. an d x = 3 L 5 5 
EI 
d2Yb 
2as 3 (~L _ x) + F ( L x) + P 1 (~~ x) = - - -dx 2 
+ P 2 ( 35
L 
x) 
2as 1 L 2as.a L 
M (1 2 ) 
- - -5 5 
Inte g r ating and d eter mini ng t h e co nstant SO that t he slope 
at. x · = e qual s the v a l ue g i v en b y e uati on (10) r esults 
in 
d Yb (- 6 as 3 L 2as a L .;. 2as 1 L 4P 1 L 3P:3 L) EI :=: ---- - M + F L + -- + -- x dx 5 5 5 5 5 
(as 3 
F P 1 P22) 2 FL
Z 16P La 9P z L2 
+ 
1 
+ ML 
-
x 
2 2 2 50 50 
:3 2 2 9 as 1 L 7 as 2 L 9 a s 3 L (13 ) + - - -- + --- - + 25 25 25 
Subst ituti ng (13) i n (4) and e quati ng the coef fi cient of 
x
2 to z ero gives 
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L The c u r vatu r e is· zero by $ymmetry whpn x = 
From equat i on (12) this value g ives 
1'-1 = F L + 3P 1 L + P 2 L 
2 1 0 1 0 
2as l L 
5 
2 as2L 
5 
2 
(15) 
In addition , th~re is a deflect i on of the side due 
to shea r in i ts p l ane by the transverse iorces F·, P l , 
and The sl o pe due to shear betwepn 
x = L · i s : 
dy s = k F 
dx. GA 
x = 
tl 
5 and 
( 1 6 ) 
where k i s a constant depending On the stress dist ri bu -
tion (r e feren c e 8). For examp le , a rectangula r sac tiori 
that is f r e e at t he ends ha~ a value of k ~ 1 . 5, wh ile 
for the same se c tion when c lamped at the ends , k = 1 .2 . 
Between x = 3L/5 and x = 4L/5, 
dys F + P l 
= k d x GA 
and bet ween x = 2L/5 and x = 31/5, 
dys F + P l + F2 
= k 
dx GA 
The slope of a side of the box between x = 4 L/5 
and x = L i s , f r om equatio ns (3) and (16) , 
d - dYb dys 1 l-
d = -d + d = 1:'I r· ( 1 x x X .cJ - x) - l (F 2 
Inte g ratin g this equat ion giv e s 
( 1 7) 
( 1 8 ) 
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1 
Y = EI [ 
M 2 1 3J kF' 
- 2 (t - x) + ti (F - 2 a s 1 ) (L - x) + . GA + con stan t 
The increaRe in y b e tween x = 1l. a nd 5 x = is 
!:,.Yl 
_1_ (15M L2 
-
FL3 + 2aS 1 L 3)+ kF .1 750EI GA 5 
13 
(20) 
( 2 1) 
The box must maintain its r e c tan gu l ar Re ction at the 
reinforce d ends and at the bu l kheads . The increase in 
transverse dis p la c ement of the sides bet een end sections 
and bulkheads must , th e r e fore , be such a s to p roduce rota-
tion of all ~our sides t h rou g h the same angle : 
Substituting from e~uation (21) in eouat ion (22) 
yields 
The increase i !1 y between 
From eouaticn (22), 
x = !:l 
5 
an d 4 L 
5 
is, from 
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Th e in c rease i n y "be t ween 2L x = and 5 
3 L 
5 is , f r om 
eouat i ons (13) and (1 8 ) , 
3 
+ 12as ,a L 
When e q uation (22) is ap p lie d , 
5 
F + P 1 + 1' z L 
+ k GA 5 (26) 
-
Si mp l ifyin g eo.uatio s (23), (25) , and (27) "by sub-
stituting for s}, s2 , S3 ' and ]I.'! their value!'; a~ g i ven 
"by equations (7) , (11) , (14) , an' (15) , respp. c ti v ely , 
gives 
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o = 
o 
o 
It will be i mmateria l whe t he r the corner posts are 
apportioned to the moment of inerti a I t o r Ih sin c e , 
15 
in equations (2 8) , ( 29) , and (30) , the moment o f inertia 
( 2 . 2 ) en ters only in the expression at Ih + ah It , whi ch 
do es not v a r y with this a~po rtionment . 
The torque app lied to the ends of the box is g iv en 
b y 
Si n c e the torque applied at the bulkhpRds i s z ro, 
The six unknown forc es Ft , Fh , P 1t , P 1h , Pat' and 
P ah Can now b r drtF r rnined by solvin g · sirn~ltan80us1i rqua-
tions (2 8) , ( 29) , (30) , (31), (32) , and ( 33) wit h the re-
s ult , 
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T/2a11. 
i't . " ( )L!. ) .-
304 + 161)0 1302 + 1 50E1>::t (. 2 r 
ah2 1t) + \ at - 11. + 112+ 400 + 02 1 ~~ GAta11.;; 
1 + 
304 + 1600 + 1 302 . 150Elq! ( 2- a t 2 1·h ) --------- + - a'l 1J. + 112 + 40c + 02 12GAha t 2 " 'J 
Fh == - -
T/ 2c:..t 
( 35 ) ~---- -. 
304 + 160c + 1302 1 50~:'-h 
( et 21h + a?- T '\ C2 + 2G ;2 
L 11. .... ,-
112 + l.~OC + 1 -Ahat. _ V) 
1 + 
304 + 1600 + 1302 1 r;OEJr.t 
( at 21h + 2- ) + -~---- a · 1+-
112+ 400 + ,.. 2 12GAt8h :3 "1. u v 
l'lt 
72 + 1 8 0 
(:h Ft) (36) = Fh -11 2 + 400 + 0 2 
7 2 + 18C (a. }'h) ( 3 7) P 1h h Ft = -112 + - 40C + 0 2 at 
-24 + 6C ( P.. + Ftl (3 8 ) PZt u Fh == -112 + 400 + 0 2 ah / 
P2h = - 24 + 60 
(Rh 
Ft Fh) (3 9 } \;t -112 + 400 + 0 2 
The ave r - g e twiRt 
between x == 4L/5 and 
De r unit len g t h in the end OQ Y R 
"'{ =- L is g iven b y 
(40) 
Substituting f r om e quation (21) g ives 
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8 1 = 1 (41 ) 
Substituting for Mt and - Sl their val ues as g ive n by 
e quat io n s (15) and (7), r es:? ectivel y , y iel ds 
Si mil a rl y , t h e ave r ag e 
bav be t we e n x = 3L/5 
( 24) , 
t wist p er unit 
And x = 4L/5 
l e ngth i n the second 
is, fro m enuation 
F 
- 25atPl h + 9ahP 2 t - 9atP2h) + kt (43) 
and t h e averag e twist pe r unit l e n g th in t he center bay 
bet wee n x = 2 L/5 and x ' = 3L/5 is , fro m e qua tion (26 ) , 
(44 ) 
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The gide t of the box (fi g . 12) 
cover plate and included the stringers : 
taken as the shea r web' and included the 
Fr::>m fi gure 1, 
at = 12 inches 
ah = 5 inches 
L == 95 inches 
It 46 . 0 inches 4 == 
Ih 64 . 3 inches 4 == 
At == 1 . 290 . h ' 8 :tnc. es 
Ah 2 . 94 inches ;3 == 
at 81 h + 21 10,4.10. inches 6 ah ' t = 
as aken a5 the 
the side h was 
corner posts . 
The shear const~nt kt was determined on the basis 
t hat all t he cover plate fas effective in transmitting 
shear and that the ~tringer , areas c ont~ibuted nothin to 
the shear reiist an ce : 
1.290 ;:: 2 . 063 0 . 026 x 24 
The shear consta t kh was determined on th e basis 
that t h ose part of the she r eb and the 4 - in c h r ein -
forcing plate lying between the cover plate; ( l ese; t han 
5 in . f r om t he center li ne) were effe ctiv e in transm i t -
t i n g shear and that . the re s t of th 0 corner p o st a r pa 
c ont ri butrd noth i'n~ ' to th e shear r Esi stange : 
2 . 94 
= 1 . 84B 0 . 075 x 10 + 2 x 0 . 25 x 1 . 688 
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Th e elastic properties are, fr om table I: 
E = 10.6 x 1 0 9 p ounds p er square i nch 
~ = 0 . 32 = Poisson 's r at io 
G = 2 (1 E+ ~) = 4.01 X 10 6 p ound s p er square inch 
The c ompute d co nstan ts are 
31.25 
~~Ekt_ ( a t2 I h . + a h 2 It) = 29 . 26 L2Gah2At 
15 0Ekh ( a t2I h + . a h 2 I t) = 1. 99 L2Gat2Ah 
The for ce s at the ends anQ. at the bUl kheads a ·r ·e, 
from ea~uations (34 ) to ( 39) , 
F't = 0.0 208 0 m p ou n ds .l. 
Fh = 0 ,' 03300 T p oun ds 
?It = 0' , '01 ~8 '3 T p ounds 
f Ih = -0,006 60 T p ounds 
Pdt = 0.00408 T pounds 
P2h = "':0;0017 0 T 'Oounds 
It i s interesting to note t he ra p i d de cr ea se i n the 
force app lied by the bulkheads in pa s sing fro~ t hp ends 
tow a rd the c en ter of the box . 
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The ave r age t ·wist:s · :g er unit "l ength b et we en b u l ~~e a d s 
are , f r an: eouA-t i on s ( 42) t o (4 4 ), 
10 6 61 = 0 . 00105 T r adi an per i n ch ( end bay betvjeen r 4L X = - . 8l1d 5' 
X = L) 
10 6 S2 = 0 . 00164 T r adi an per inch ( sec ond ba,.v between X= 2l and X= ~1) 5 h ./ 
10 6 63 = 0 . 00179 T radia:: per i nch ( center bay bet,,!een X= 2 i and X= 2l) 5 5 
Thes e twists a r e comp a red with the ~easured t~i~ts i n f i g -
u r e 6 . The theo~y uiieR a c o~sistent in c reR e 'in t wi st 
pe r unit l en g th i n pAssing f r om thp e ndR tow a rd the c en -
te r, wh il e the measurements sho~ about 10 per c ent le ss 
twist fo r thR c enter bay t h a n for t h e t wo ~djac ent b ays . 
(Se p a l s o fi g . -7 . ) 
The ave r age she a rin g fo rc e per u n it de p th of c enter-
bay sh e ar web is 
0 . 03300 - 0.00660 - 0 . 00170 4 
T 2 X 5 ._ --= 0 . 002 7 T pounds per inch 
Sinc e the forc e s resistin g bendin g 3 r e most l y i n th e co r-
ne r p o sts , the shearin g fo r c e shou l d be n e a r ly c o n s t ant , 
ex c ept at the c o r ner p o sts , and the shea r s t re ss may b e 
obtained by divid i ng the shea r in g f or c e pe r i n c h b y the 
t hi c kness o f the wall . On t is bas i s , t he s t r ess a t t he 
c enter o f the 0 . 075 - inch shea r we~ i s 
0 . OO~17~ -_ 0 032 Q ~ d . h 
. . _ ~ p oun s per SQua r e In c 
0 . 075 
an d f or the st r e s s at the i nne r sid e of the 0 . 2 5 - in c h re-
i nf orci ng p l a te 
0 . 0'0247 T 
0 . 2 5 0 + 0,0 7 5 
= 0.007 6 T pbund~ p er squa r e i n c h 
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These st re sses a r e co mpa re d with the m~asured sti e sses in 
fi c ure 8. The theoretical valueR ag r ee c losely with the 
measu r ed v alues . 
The strain ·due to b e h ding in the up pe r co rn er post 
· of the t s i de or the lo wer . com er post of the h · side 
(fig. 1 2 ) is 
( d 2Yb ) 
d x 2 Ih 
From equations (8), ( 15) , (11), and (14) with 
this expression r educes to 
and, with 39 L x = 95 b y u"e o~ -e- uations (1 2) , (15) , (7), 
(11), and (14) the ex p r essioQ ~educes to 
These theoreti c al v alueR a re shown in figu re r 9 and 
10. Theoretical values for the strains i n the stringers, 
derived on the assumption t ha t the s r ain due to bendin g 
·varies linea rl y a cros s the sides of the bOX, a r e a l so 
given in fi g ures 9 and 10. The theoreti c al and observed 
values a r e in a g reement. 
The bu c k ling lo ad of the cover p l ate was co mputed 
from value " for the crit i c al bucklin g stress give n in ref-
erence . ~ . The ~Over p l ate was dividpd b y the str~ngers 
and bulkheads int o pane l s hai in g a width t o length r atio 
of ~ = 0. 2 1. Th e t h i .c k ness o f the plate was ·0·. 026 inch 19 
and the wi dth 4 ·inches . If it is assumed that the s tring-
ers gi ve simp le supp ort ·, the cr iti c al buc k ling stress is 
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' r c r (simp le supp 6rt) ' = 2260 pounds per s Uare i n c~ 
If it is ass u med that the st ri nge r s giv~ cl amped supp ort 
a nd th a t t h e . ratio of cri t ic al loads . for . clamped a nd s i m-
p ly supported plates ~aving a wi dth to l ength r a t io Of 
0 . 2 1 i s the s a me a s the r a tio for i nfinitel y ~Q n g p l at~s , 
(t 
Tcr (c lamped) = 
The sheari n g 
side) is 
8 . 98 2260 = 3 7 9 0 pounds per sauare i nch 5 , 3 5 
stress at the c enter of thf! c over p l at e 
2t)= 2 . 063 (0 , 020 8 0 + 0,01582 + 0 ., 00408)T 
1 . 2 9 0 
= 0 , 0651 T p ou nds per s oua re i n ch 
The critic a l to r ues are · therefore 
T (si mp le upport) == 2 260 
0 .065 1 
= 34 ,7 00 in ch - pound q 
T (cl am p ed) = 379 0 
0 , 065 1 
= 58 ,200 inc h- pounds 
The meas u red v alu e of th e cri tica l torque was 40 , 80 0 
inc h -pounds , a v alue b e tween t h e t h eoretica l values corre-
sponding to clam p ed a nd sim p le ~upp ort at the stringers ,. 
CONCLUSI !IT S 
The measu r ed tifist i n t h e mono co Que bo x between 'bulk-
heads 1 a nd 2 and betwe en b ulkheads 3 a nd 4 wa s c onsisten t -
1 y . h i g her . t 11 ant 11 e ~ e as u r f' d t w i s t" at t he c f' n·t e ~ 0 f t he box 
b e t wee n .bul k h ea ds 2 and 3 . Th e reinforce ~ ent .at . the ,ends 
of the box, sub tantial t hough it see ms, . w ~ s un abl~ to . 
tr ansfer t h e tor~ue uniforml y fro _ t he end ~ lat eB t o th e 
s h eet as well as t o t h e t r i n ge r s and corner p os ts . 
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Th§ ~hear stress in the she a r web Was inde p endent of 
t h e p os1t1o n bet een bulkhe a ds wi thin the error of meas-
u r enent . The ratio of measured shearin g stress in the 
sheB r we b a nd in th e corner post ~as invers ely propor-
tinn a l to · t h e wall thickne~ s at the points of measurement. 
Th e measured long i tudin a l strains wer e ver y small, 
the l a r g est being less than 0 . 00 0 04 c orres p ondin g to' a . 
stress o f only ~25 pounds per square inch; this value was 
about one-sixth the max i mum' measu r ed sh ea rin g stress. 
Buckling was observed in the cover p i ates near the 
center section of the box at a t o rque of 40,800 ' inch-
p ounds. This bu c klin g c aused only a sli g ht decrease in 
the stiffness of the box for hi g her moments. 
Co mpa rison of the measu r ed twists wi t h Eredt1s theory 
indic ate s that the box was t wisted 2 0 to 50 percent less 
t h an this theory would indic at e . Comparison of the me a s-
ured shea rin g str esR with Bredt's theory i nd ic ates t hat 
~i~ theory g i ves valu~s a~out 1 8 p ercent l ess than the 
measured values . 
Usin g an analysis of the to r sion i n a mon ocoque box 
with b u lkheads and corner,posts derived by treating the 
box as an assembly of f o~r bea6~ wit h wi d e webs joined at 
t h e edge s and subjected to t r ansversp fo r ces at . the bul~­
heads, a che c ~ of ' the meas~red twist ~ith{n 10 percent 
l~HS obtained . ' This 'ana l ys is ~ls o 'gave theoretic a l values 
of the s hea ri ng stresses and l ong itudinql stresses which 
a~reed closel y with the , mea~ured v a lues . 
The obse rved buck l in g l o ad of the ,qover sheet was 
betwe e n ~h e com p ut ed value s for si mp le sup p ort and clamped 
sup p ort at the edges . 
National Eur eau of St andards , 
Was h ington , D. C. , April 2 , 1 94 2 
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TABLE 1.- MEC~lJICAL PROPERTIES OF I£d.TERLl\L 
I Young t s modul us 
Sampl e L (l bj sq in . ) I Tension I Compression 
I I 
10. 8 X 106 Corner a ngl e 10 . 4 X 1061 
Stringer 2 10 . 4 10 . 8 
Stringer 1 10 . 4 10 . 8 
0 . 075- i n . 
shear web 10 . 5 10 . 7 
(longitudinal ) 
0 . 026- i n . top 
and bottom I 10 . 5 10 . 8 
pl a ting 
(l o!1gi tudina l) 
Yield strength 
offset = 0 . 2 percent 
(njsq in.) 
TenSi~~tcompreSSion 
48 ,000 42 , 000 
48 , 300 
48 , 700 
57 , 100 I 
I 
I 
I 
40 , 700 
40 , 500 
44 , 000 
46 , 800 
Tensile ! El ongation 
strength I in 2 in . 
(lbj sq in.) I (perc ent) 
61, 600 21 
63 ,110 25 
63 ,100 25 
70 ,0 20 20 
73 , 500 18 
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Figure 1.- Details of monocoque-box specimen. 
All dimensions in i nches . 
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Figure 2.- Over,all view of monocoque box (end plate removed). 
NACA T.N. 812, Fig. 3 
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Figure 4.- Monocoque box mounted for torsion test with strain gages and twist gages 
attached. 
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Figure 7.- Variation of average twist with position along box. (Gage length 
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fro the point in question to the end of the box.) 
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Figure 11.1- Strain on top of box along top of stringer 
4 between bulkheads 2 and 3 and along 
antiroll ~ember on top of bulkhead 2. 
i.€';ure 12. - Sketch showing symbols used in theory. 
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